1. Introduction {#sec1-biomolecules-10-00881}
===============

The deposition of fibrillar β-Amyloid (Aβ) aggregates around neuronal cells is pathologically significant in Alzheimer's disease (AD) \[[@B1-biomolecules-10-00881],[@B2-biomolecules-10-00881],[@B3-biomolecules-10-00881]\]. Molecular polymorphisms in Aβ fibrils have long been discovered through the characterizations of their molecular structures, which are known to be sensitive to the growth conditions of fibrils in aqueous environments \[[@B4-biomolecules-10-00881],[@B5-biomolecules-10-00881]\]. The pathological significance of structural polymorphisms in Aβ fibrils has recently been unraveled. Importantly, solid-state Nuclear Magnetic Resonance (ssNMR) spectroscopy studies on the molecular structures and structural deviations of the human-brain-seeded Aβ fibrils showed the potential correlation between the structural polymorphism and the clinical histories of AD patients \[[@B6-biomolecules-10-00881],[@B7-biomolecules-10-00881]\]. Particularly for the 40-residue Aβ (Aβ~40~) fibrils, there was likely to be a predominant molecular structure in patients with distinct clinic symptoms \[[@B7-biomolecules-10-00881],[@B8-biomolecules-10-00881]\]. Given the fact that the environmental conditions for fibrillization in these patients should be highly diverse, it is important to ask what biological factors may reduce the structural heterogeneity in vivo.

The enzymatic processing of amyloid precursor protein (APP) that produces Aβ peptides occurs in the interiors of membrane bilayers \[[@B9-biomolecules-10-00881],[@B10-biomolecules-10-00881]\]. It was found that Aβ concentrated in certain membrane domains such as the lipid rafts \[[@B11-biomolecules-10-00881]\]. Therefore, membranes may serve as a biologically relevant environment in the aggregation process of Aβ peptides. A number of studies, including our previous works, demonstrated that Aβ fibrillization-induced different types of membrane disruption in systems from model phospholipid bilayers to synaptic plasma membranes in living cells \[[@B12-biomolecules-10-00881],[@B13-biomolecules-10-00881],[@B14-biomolecules-10-00881],[@B15-biomolecules-10-00881],[@B16-biomolecules-10-00881],[@B17-biomolecules-10-00881],[@B18-biomolecules-10-00881],[@B19-biomolecules-10-00881],[@B20-biomolecules-10-00881],[@B21-biomolecules-10-00881]\]. On the other hand, the presence of membranes also influences Aβ's fibrillization processes as well as the structures of resultant fibrils. The lag period in thioflavin-T (ThT) fluorescence kinetics assay, which was commonly used to quantify the fibrillization rates, became longer (and, therefore, slower fibrillization rates) when Aβ aggregated in the presence of neutral phospholipid bilayers compared to nonmembrane scenarios \[[@B22-biomolecules-10-00881]\]. On the contrary, the fibrillization became more rapid when there were more abundant negatively charged phospholipids in membranes \[[@B23-biomolecules-10-00881]\]. In addition, fibrillization was decelerated at higher lipid to peptide molar ratios \[[@B18-biomolecules-10-00881]\]. Although high-resolution structural characterizations on Aβ fibrils have been performed extensively in aqueous growth conditions, there have been much fewer works on the fibril structures in the presence of membranes. One work involving model phosphatidylcholine (PC)/phosphatidylglycerol (PG) bilayers showed that the backbone second structure of Aβ~40~ fibrils changed significantly \[[@B24-biomolecules-10-00881]\]. Molecular-level structural polymorphisms have been demonstrated for the fibrils grown in aqueous solutions. It is prompt to determine whether membrane-like environments will have influences on the structural polymorphisms of fibrils.

2. Materials and Methods {#sec2-biomolecules-10-00881}
========================

2.1. Peptide Synthesis and Purification {#sec2dot1-biomolecules-10-00881}
---------------------------------------

All Aβ~40~ peptides, including the unlabeled and selectively isotope-labeled ones for ssNMR measurements, were synthesized manually by routine solid-phase peptide synthesis protocols with FMOC Chemistry. The crude peptides were cleaved using a mixture of trifluoroacetic/phenol/water/1,2-ethanedithiol/thioanisole with the volume ratio 90:5:10:5:2.5. All peptides were purified on a High-performance Liquid Chromatography (HPLC 1200 Series, Agilent Inc., Santa Clara, CA, USA.) installed with C18 reversed-phase column, and lyophilized and stored at --20 °C freezers before usage. The purified peptides were verified with LC-MS/ESI (LCMS-2020, SHIMADZU Inc., Torrance, CA, USA.) to confirm \>95% purity.

2.2. Liposome Preparation for Model Bilayers {#sec2dot2-biomolecules-10-00881}
--------------------------------------------

All phospholipids \[1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE), 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG)\], cholesterol, sphingomyelin (Brain, Porcine), and ganglioside GM1(Brain, Ovine-Sodium Salt) were purchased from Avanti Polar Lipids, Inc. The triglycerides were purchased from Sigma Aldrich Inc. To prepare liposomes, the combination of lipids, cholesterol, and/or triglycerides with the designed molar ratio (see [Table 1](#biomolecules-10-00881-t001){ref-type="table"} for detailed molar ratios) were mixed together in chloroform. Chloroform was removed using N~2~ flow, and the lipid films were extensively dried under vacuum overnight. The lipid film was then resuspended in HEPES buffer (4 mM, pH 7.4, 0.01% NaN~3~), followed by 10 freeze--thaw cycles and extrusion through 200 nm (for non-TG vesicles) or 1000 nm (for TG-containing vesicles) pore size membrane for 30 cycles.

2.3. Liposome Preparation from Isolated Synaptic Plasma Membranes from Rats {#sec2dot3-biomolecules-10-00881}
---------------------------------------------------------------------------

Adult male Fischer 344 rats (*n* = 6--10 per group) were procured at 3-, 12-, and 18-month-old at arrival, corresponding to young, middle-aged, and late aging, respectively. All animals were obtained from the National Institute of Aging (NIA) colony maintained by Charles River Laboratories. Subjects were given at least 2 weeks to acclimate to the colony prior to experimentation. Colony conditions were maintained at 22 ± 1 °C with a 12:12 light/dark cycle (lights on 0700). All rats were pair-housed and provided ad libitum access to food and water. On each of 2 d prior to tissue harvest, rats were handled for 2--3 min, during which time rats were weighed and marked with a nontoxic permanent marker for identification purposes. At all times, rats were maintained and treated in accordance with the guidelines set forth by the Institute of Laboratory Rat Resources (1996) and in accordance with the protocol approved by the IACUC at Binghamton University.

Rats were killed by rapid decapitation and regions of interest were dissected using microforceps and separated bilaterally, including the hippocampus and cortex. Tissue was flash-frozen in isopentane on dry ice and stored at −80 °C until use.

Literature protocols were followed for the extraction of rats' synaptic plasma membrane vesicles (SPMVs) \[[@B25-biomolecules-10-00881]\]. Briefly, the rats' brain tissue was homogenized using a glass homogenizer with 12 strokes over a 30 s time period in 0.32 M HEPES-buffered sucrose solution (4 mM HEPES, pH 7.4). The solution was then centrifuged at 900× *g* for 10 min at 4 °C, and the pellet was collected and resuspended in 0.32 M HEPES-buffered sucrose. The solution was centrifuged for the second time at 10,000× *g* for 15 min at 4 °C and the pellet was collected again. The pellet was lysed in 4 mL deionized water and transferred to a glass homogenizer and then homogenized with 3 strokes. Then 16 uL of 1.0 HEPES buffer was quickly added to the above solution to reach the final HEPES concentration 4.0 mM. This diluted solution was then rotated at 4 °C for 30 min for a completed lysing and was centrifuged at 25,000× *g* for 20 min at 4 °C. The pellet was collected, from where the SPMs were enriched in a discontinuous sucrose gradient containing 1.2 M, 1.0 M, and 0.8 M HEPES-buffered sucrose solution layers with the volume ratio 3.5:3.0:3.0. The SPMVs were collected by centrifuging the depositions with sucrose gradient solutions at 150,000× *g* for 2 h at 4 °C, and the sample (at the bottom of the 1.0 M / 1.2 M HEPES-buffered sucrose solution interphase) was collected using an 18 G needle and a 1 mL syringe. The pellet was resuspended finally in a 4.0 mM HEPES buffer and stored at −80 °C until use.

2.4. Quantification of Total ^31^P in SPMs {#sec2dot4-biomolecules-10-00881}
------------------------------------------

We determined in previous works that the molar ratio between Aβ~40~ and total lipids influenced the peptide aggregation pathways significantly \[[@B18-biomolecules-10-00881],[@B20-biomolecules-10-00881]\]. In the present study, we utilized ^31^P NMR spectroscopy to semi-quantitatively analyze the total lipids in SPMVs. Literature protocols to extract the lipids from SPMs were followed \[[@B26-biomolecules-10-00881]\]. Briefly, the enriched SPMVs were dissolved in a mixture of methanol and chloroform (2:1 *v/v*) and vortexed vigorously for 1 min and rotated at ambient temperature for 30 min. The mixture was centrifuged for 5 min at 600× *g* and 4 °C on a benchtop centrifuge and the supernatant was collected. The supernatant was dried with N~2~ flow followed overnight under vacuum, and the resulting lipid film was re-dissolved in CDCl~3~ for ^31^P NMR spectroscopy with direct excitation pulse sequence. The standard curve with DMPC was obtained using the same protocol for quantification. The total lipid concentrations in 3-month, 12-month, and 18-month rats' SPMs were quantified as 530.5 ± 2.2 µM, 755.2 ± 0.4 µM, and 777.9 ± 0.2 µM, respectively.

2.5. Lipid Analysis by Thin-Layer Chromatography (TLC) {#sec2dot5-biomolecules-10-00881}
------------------------------------------------------

Major lipid components in SPMVs of different ages were analyzed using TLC with published protocols \[[@B27-biomolecules-10-00881]\]. Lipids and cholesterol compositions were extracted from SPMs as described in the previous section. The lipids were then dissolved in chloroform/methanol mixture (1:2, *v/v*) and loaded dropwise onto 20 × 10 cm TLC silica gel glass plates. Each sample loading normally contains a 2.0 µL lipid solution. Three developing solutions were applied: Firstly with a mixture of ethyl acetate/1-propanol/chloroform/methanol/potassium chloride in 12.5:12.5:12.5:6.5:4.5 volume ratio; secondly with a mixture of n-hexane/diethyl ether and acetic acid in 70:30:1 volume ratio; and finally with n-hexane. The TLC plates were then stained with 10% copper sulfate containing 9% phosphoric acid and baked at 150 °C for 10 min. The resulting plates were scanned and images (sample image shown in [Figure 1](#biomolecules-10-00881-f001){ref-type="fig"}) were analyzed using ImageJ software to obtain information about the intensities of individual bands.

To obtain a quantitative analysis of each of the essential lipid compositions, standard curves were obtained for eight different types of lipids/cholesterol (DMPC, DPPE, 1,2-Dipalmitoyl-sn-glycero-3-phosphoserine, sodium salt (DPPS), 1,2-dioleoyl-sn-glycero-3-phospho-(1'-myo-inositol) (ammonium salt, DOPI), 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (LPC) \], sphingomyelin (Brain, Porcine) and ganglioside GM1(Brain, Ovine-Sodium Salt)), which represented the main assigned lipid compositions from SPMVs in the literature \[[@B27-biomolecules-10-00881]\]. TLC with standards at different concentrations was obtained using the same protocol as for the SPMV samples, and the standard curves ([Figure 1](#biomolecules-10-00881-f001){ref-type="fig"}) were obtained by plotting the band intensities as a function of concentrations. The absolute band intensities from ImageJ for the individually assigned lipid compositions in SPMVs were converted to concentrations based on the standard curves, and the population percentages for individual components were plotted in [Figure 1](#biomolecules-10-00881-f001){ref-type="fig"}.

2.6. Thioflavin-T (ThT) Fluorescence Kinetics on Fibrillation {#sec2dot6-biomolecules-10-00881}
-------------------------------------------------------------

ThT fluorescence assays were performed on Synergy™ HTX Multi-Mode Microplate Reader (BioTek Instruments, Inc., Winooski, VT, USA) with excitation and emission wavelengths at 450 and 480 nm, respectively. A 150 μL volume of each one of the freshly prepared samples (Aβ~40~ peptide concentration \~10 μM and peptide-to-membrane ratio 1:30, buffer-4 mM HEPES with pH 7.4 and 0.01% NaN~3~) was pipetted to the 96-well plate and the concentration of the ThT solution (dissolved in 4 mM HEPEs buffer pH 7.4, 0.01% NaN~3~) was controlled to be 50 μM. The kinetic measurements (1 data point per hour) were performed at 37 °C and 10 s shaking at a rate of 307 rpm was applied in order to make sample solutions as homogeneous as possible before measurements. All samples were analyzed triplicate with controls that contained only vesicles but not the additions of Aβ~40~ peptides.

To analyze the ThT kinetics curves, the traces from samples were, firstly, subtracted from their corresponding controls, and then fitting to the sigmoidal growth function: $$Intensity = y0 + A0/{({1 + \exp\left( {- k\left( {t - t_{\frac{1}{2}}} \right)} \right)})},$$ where y0 is the baseline intensity, A0 is the amplitude of intensity changes, *k* is the apparent slope, and t~1/2~ is the half-maximum time. The lag period (t~lag~) was calculated as t~1/2~ -- 2/*k*. The maximum fluorescence intensity, the lag period, and the growth rate constant were reported in [Table 2](#biomolecules-10-00881-t002){ref-type="table"}. Error bars were calculated at the standard deviations from three independent measurements for each model membrane.

2.7. Membrane Content Leakage Assay {#sec2dot7-biomolecules-10-00881}
-----------------------------------

The calcein fluorescence assay was applied as an indicator for phospholipid vesicle leakage in this paper and the detailed protocol was described previously \[[@B21-biomolecules-10-00881]\]. Briefly, the dried lipid films (dried by nitrogen gas flow and followed under vacuum overnight) were resuspended in 10 mM sodium phosphate (pH 7.40 and 0.01% NaN~3~) -buffered 10 mM calcein solution. Then, the above vesicle solutions were subjected to 8-time freeze--thaw cycles (60 °C water bath as warming source and liquid nitrogen as cooling source) and extruded by a 200 nm membrane filter for 15 times. The pretreated vesicle solutions were loaded to snake bags with a 3.5 kDa molecular weight cutoff and dialyzed against the bulk sodium phosphate solution (1:1000) for 4 d to remove the uncaptured calcein molecules as much as possible. After dialysis, the calcein-containing liposomes were mixed with monomeric Aβ40 (final concentration was controlled to 25 µM) and immediately were pipetted to a 96-well plate. The kinetic traces were collected on a BioTek Synergy multi-mode plate reader (excitation filter \~460 ± 40 nm and emission filter \~560 ± 40 nm) at 37 °C and the data was collected every 30 min. Until the curves reached a plateau, 1% Triton-X (Sigma-Aldrich, Inc., St. Louis, MO, USA) was added to each well and final fluorescence intensity was measured.

After measurements, the data was processed by subtracting the corresponding controls (without the addition of Aβ40) and the lag phase and buildup rate were obtained by fitting to a sigmoidal curve. The percentage of membrane leakage was calculated by the following equation:$$membrane~leakage\% = \frac{I_{t} - I_{0}\left( {sample} \right)}{I_{f}\left( {triton} \right) - I_{0}\left( {control} \right)}$$ where *I*~0~ and *I~t~* are the final fluorescence intensity (the plateau) and the fluorescence intensity after treated by 1% Triton-X.

2.8. Solid-State NMR (ssNMR) Spectroscopy {#sec2dot8-biomolecules-10-00881}
-----------------------------------------

All samples for ssNMR measurements were incubated quiescently for over 2 weeks before experiments. Aβ~40~-SPMVs solutions were centrifuged (85,000 rpm, 4 °C, 1 h), lyophilized, packed into 2.5 mm magic-angle spinning (MAS) rotors, and rehydrated with deionized water (\~1.0 µL/mg sample). All ssNMR experiments were performed on a 600 MHz Bruker spectrometer equipped with a 2.5 mm TriGamma MAS probe. The MAS spinning frequency was kept at 10,000 ± 2 Hz. Sample temperature was controlled at \~280 K throughout the experiments by monitoring the ^1^H chemical shift in H~2~O. All two-dimensional (2D) NMR spectra were collected with the ^13^C--^13^C spin diffusion spectroscopy with either 20 ms (for detecting intra-residue cross peaks) or 500 ms (for inter-residue cross peaks) mixing period. All spectra shown in figures were processed with 100 Hz Gaussian line broadening in both dimensions. All samples were kept at 280 ± 5 K with cooling N~2~ air and the sample temperatures were monitored before and after measurements by assessing the ^1^H chemical shifts for H~2~O molecules.

2.9. Negatively Stained Transmission Electron Microscopy (TEM) {#sec2dot9-biomolecules-10-00881}
--------------------------------------------------------------

TEM images were recorded on a JOEL J-2100 Electron Microscope with an 80 kV acceleration electron field. Samples were prepared by, firstly, deposited a 20 mL fibril solution on copper coded TEM grid for 2 min. The solutions were blotted and stained with 2% uranyl acetate for 30 s. The staining solution was then blotted, and the grid was rinsed with deionized H~2~O twice and dried in the air.

2.10. Circular Dichroism (CD) Spectroscopy {#sec2dot10-biomolecules-10-00881}
------------------------------------------

CD spectra were collected on a JASCO J-810 Spectrophotometer. Fibril solutions with different incubation times were analyzed by CD to collect the total peptide signal (top row in Figure 9) and then centrifuged (Beckmann Coulter Benchtop ultracentrifuge) for 30 min at 50,000 rpm and 4 °C to separate the membranes from the aqueous buffer (and, therefore, membrane-bound and free Aβ~40~). The supernatants were analyzed by CD to collect the free peptide signal (bottom row in Figure 9). All spectra were recorded at r.t. from 190 nm to 260 nm with 30 scans of signal averaging.

3. Results {#sec3-biomolecules-10-00881}
==========

3.1. Fibrillization of Aβ~40~ Peptides in Different Membranes Possess Distinct Kinetics {#sec3dot1-biomolecules-10-00881}
---------------------------------------------------------------------------------------

Biological membranes contain multiple compositions, which naturally provide heterogeneous environments for Aβ fibrillization. This work uses Aβ~40~ peptides because the fibril structures of this particular alloform extracted from patients' brain tissues have been shown to correlate with the clinical symptoms of AD patients \[[@B7-biomolecules-10-00881]\]. We, firstly, ask whether and how the fibrillization kinetics would be influenced by different membrane compositions. We utilized in this work the biological rats' synaptic plasma membrane vesicles (rSPMV) with different ages at 3 (BM1), 12 (BM2), and 18 (BM3) months, as well as multiple types of phospholipid bilayers with key compositions identified from the analysis of the rSPMV. The rSPMV were extracted using literature protocols \[[@B25-biomolecules-10-00881]\] and the populations of essential components such as lipids and cholesterol were quantified using Thin-Layer Chromatography (TLC, [Figure 1](#biomolecules-10-00881-f001){ref-type="fig"}). The populations of most major phospholipids, cholesterol, and gangliosides were consistent with those reported for mammalian plasma membranes and showed no age-dependency \[[@B28-biomolecules-10-00881]\]. However, interestingly, the phosphatidylethanolamine (PE) population (8.0% ± 1.4% in BM1, 6.9% ± 0.8% in BM2, and 3.3% ± 0.9% in BM3) decreased significantly at the older age. Previous studies reported that PE might enhance the Aβ-fibril-dependent membrane fragmentation and increase the lateral pressure in membrane bilayers and membrane stability \[[@B14-biomolecules-10-00881]\]. In addition, the population of sphingomyelin (6.2% ± 1.2% in BM1, 12.3% ± 1.0% in BM2, and 14.3% ± 1.9% in BM3) also varied with age, but in an opposite trend. There were also large abundances of mono- and triglycerides in all three rSPMV. Inspired by the lipid analysis of rSPMV, we generated a set of model phospholipid bilayers that contained different combinations of PC, PE, phosphatidylserine (PS), chol and TG to explore the effects of lipid compositions on fibrillization kinetics. This work focuses on the effects of phospholipids, cholesterol (chol), and triglycerides (TG), while we realize that other components such as sphingolipids and gangliosides are also important components in the aggregation of Aβ peptides. Particularly, the ganglioside GM1 has been shown to promote the formation of toxic Aβ fibrils through direct Aβ--GM1 interactions \[[@B29-biomolecules-10-00881],[@B30-biomolecules-10-00881]\]. [Table 1](#biomolecules-10-00881-t001){ref-type="table"} summarizes the model bilayers that have been utilized in this work. [Figure 2](#biomolecules-10-00881-f002){ref-type="fig"} shows the full sets of thioflavin-T (ThT) fluorescence kinetic traces for all tested model membranes, for which the concentrations of Aβ~40~ were kept at 10 µM. All ThT traces showed typical sigmoidal increases for nucleation-driven fibrillization processes with distinct lag periods (t~lag~) and growth rates (k), which were analyzed and plotted in [Figure 3](#biomolecules-10-00881-f003){ref-type="fig"} and summarized in [Table 2](#biomolecules-10-00881-t002){ref-type="table"}. The following conclusions could be drawn: (1) the presence of TG induced significantly elongated t~lag~ values for model bilayers with most phospholipids/cholesterol compositions (except for those with PC, chol, and TG, which was similar to non-TG bilayers). In fact, the phospholipid model bilayers with TG showed t~lag~ values that were comparable to those for the biological rSPMV (i.e., \~50 h), suggesting that the presence of TG might have critical contributions to the fibrillization of Aβ in real biological membranes. This observation was consistent with previous studies that showed the inhibition effects of TG on Aβ fibrillization in aqueous environments \[[@B31-biomolecules-10-00881]\]. (2) The bilayer models containing cholesterol showed decreased t~lag~ values generally in comparison to their non-cholesterol analogs, meaning that cholesterol was another biologically relevant composition in membrane bilayers. The distribution of cholesterol was known to be asymmetric across the bilayers of cellular plasma membranes and the population distribution would change with aging \[[@B32-biomolecules-10-00881],[@B33-biomolecules-10-00881]\]. Our results imply that the distribution of cholesterol across bilayers may modulate the Aβ fibrillization processes. (3) Compared to the nonmembrane Aβ fibrillization process, the presence of phospholipids and/or cholesterol shortened t~lag~ values in general. It was previously reported that the presence of negatively charged PG would accelerate the fibrillization compared to the neutral PC bilayer \[[@B23-biomolecules-10-00881]\]. However, such an effect has not been observed in the presence of work with negatively charged PS, which represents a more biologically relevant lipid composition in mammalian cells. (4) The presence of phospholipids and/or cholesterol does increase the growth rates generally compared to the fibrillization in aqueous solution ([Figure 3](#biomolecules-10-00881-f003){ref-type="fig"}B). The growth rates were decreased in the presence of TG compared to the non-TG analogs, confirming the effects of TG to inhibit the Aβ~40~ fibrillization. The growth rates in SPMVs were similar to those in TG-contained bilayers.

3.2. The Presence of Membranes Leads to Different Fibril Structures and Reduces the Structural Polymorphisms in the Resulting Fibrils {#sec3dot2-biomolecules-10-00881}
-------------------------------------------------------------------------------------------------------------------------------------

Given the fact that the Aβ fibrillization kinetics was influenced significantly by membrane compositions, we next ask whether the presence of different membrane compositions would increase the structural polymorphisms in the resulting fibrils. To this end, we chose three model membrane systems with distinct *t*~lag~ values: MM1 with the simplest composition, MM2 with the most complicated non-TG compositions, and BM2 to represent the biological rSPMV. [Figure 4](#biomolecules-10-00881-f004){ref-type="fig"}a showed the negatively stained TEM images for the three types of Aβ~40~ fibrils, which had high similarity in terms of the bulk morphologies. Selectively isotope-labeled residues (G9, L17, F19, A21, V24, N27, I32, G33, L34, and M35) were incorporated in samples to cover a broad range of primary sequence and two typical segments of β strands in previously reported Aβ~40~ fibril structures \[[@B5-biomolecules-10-00881]\]. [Figure 4](#biomolecules-10-00881-f004){ref-type="fig"}b--d shows the two-dimensional (2D) ^13^C--^13^C spin diffusion spectra with 20 ms mixing time for identifying the intra-residual cross peaks. All residues, except for G9 and L17, showed well-defined intra-residual cross peaks. The fact that L17 showed broadened linewidths suggested that the fibrils grown in membrane-like environments contained smaller cores compared to those grown in aqueous solutions \[[@B6-biomolecules-10-00881],[@B34-biomolecules-10-00881],[@B35-biomolecules-10-00881],[@B36-biomolecules-10-00881],[@B37-biomolecules-10-00881],[@B38-biomolecules-10-00881]\]. The residue-specific ^13^C chemical shifts for all three fibrils were summarized in [Table 3](#biomolecules-10-00881-t003){ref-type="table"}.

We quantitatively analyzed the differences in residue-specific ^13^C chemical shifts in multiple types of Aβ~40~ fibrils, including the three membrane-associated fibril samples from the present study and three references from the literature (the three-fold Aβ~40~ fibril grown from aqueous buffer (Mref1) \[[@B35-biomolecules-10-00881]\], the first brain-seeded Aβ~40~ fibril from an AD patient (Mref2) \[[@B6-biomolecules-10-00881]\], and the proposed predominant Aβ~40~ fibrillar structure existed in multiple AD patients (Mref3) \[[@B8-biomolecules-10-00881]\]). All these fibrils were grown from synthetic Aβ~40~ peptides under quiescent incubation at physiological temperature and pH values with similar ionic strengths. Specific types of ^13^C nuclei were considered for each individual residue, for instance for F19, we considered the ^13^C chemical shifts of C', Ca, and Cβ, and for L34, we considered C', Ca, Cβ, Cg, Cd1, and Cd2. The residue-specific ^13^C chemical shift deviations were calculated as $${\lbrack\sum_{i}{(\delta_{i,sample1} - \delta_{i,sample2})}^{2}\rbrack}^{1/2}$$ where $\delta_{i,sample1}$ and $\delta_{i,sample2}$ were the ^13^C~i~ chemical shifts in two different samples. The ^13^C spectral resolution was estimated as \~0.5 ppm (75 Hz, 1/2 of the FWHM of ^13^C line). The thresholds of "significant ^13^C chemical shift deviation" for individual residues were determined by the number of ^13^C nuclei that were considered. The analysis of ^13^C chemical shift deviations (relative to fibrils grown from the MM1 model membrane) was plotted in [Figure 5](#biomolecules-10-00881-f005){ref-type="fig"}.

The residue-specific ^13^C chemical shifts for MM2 and BM2 fibrils showed minimal deviations from the MM1 fibrils in all selectively labeled residues, including the dynamic N-terminal residue G9, suggesting that these fibrils shared common structures. On the contrary, all membrane-associated fibrils showed apparent chemical shift deviations compared to the Aβ~40~ fibrils grown in aqueous solutions (e.g., Mref1). In addition, the chemical shifts also showed obvious deviations from those reported for the first AD-patient-brain-derived Aβ~40~ fibrils (i.e., Mref2), which was derived from a patient who was diagonalized for both AD and Parkinson's disease. However, interestingly, the ^13^C chemical shifts for the membrane-associated Aβ~40~ fibrils in the present work look similar to the proposed "common" brain-seeded Aβ~40~ fibril (i.e., Mref3) \[[@B8-biomolecules-10-00881]\]. The comparison of chemical shifts indicated that the presence of membranes might lead to the formation of a predominant fibril structure independent of the detailed membrane compositions. This may explain the presence of a predominant Aβ~40~ fibril structure in AD patients because membranes are biologically relevant environments in the production and aggregation of Aβ peptides.

The membrane associated Aβ~40~ fibrils also showed distinct tertiary structural features compared to those grown in aqueous and/or ex vivo conditions. The 2D spin diffusion spectra with 500 ms mixing time observed characteristic inter-residue cross peaks for residue pairs F19/L34 and V24/I32 ([Figure 6](#biomolecules-10-00881-f006){ref-type="fig"}) in the three membrane-associated fibrils. The ^13^C chemical shifts of all these residues showed typical β strand secondary structures ([Table 3](#biomolecules-10-00881-t003){ref-type="table"}). The F19/L34 cross peaks were reported in several previously solved Aβ~40~ fibril structures \[[@B5-biomolecules-10-00881]\]. However, the V24/I32 cross peaks have been rarely seen in Aβ~40~ fibrils, where residues I32 and L34 are typically within an uninterrupted β strand and V24 is usually in a loop connecting two β strand segments. In addition, the inter-residue cross peaks between A21 and I32 were also observed. These inter-residue contacts suggest a fibril core segment presumably extended from F19 to L34. Interestingly, for the two fibrils grown from model bilayers (MM1 and MM2), the inter-residue contacts were observed between I32 and M35, which was not likely to exist for the uninterrupted β strand from I31 to V39 in many solved fibril structures \[[@B4-biomolecules-10-00881],[@B5-biomolecules-10-00881],[@B37-biomolecules-10-00881]\]. One previous ssNMR work on the Aβ~40~ fibril structure formed with PC/PG vesicles showed a kink at C-terminal segment from I31 to M35. It was proposed that such a kink was caused by initial interactions between Aβ and lipid bilayer during the membrane-associated nucleation step \[[@B24-biomolecules-10-00881]\]. Similar kinks might be present in the current membrane-associated fibril structure.

3.3. The Membrane-Associated Aβ~40~ Nucleation and Fibrillization Processes Induce Rapid Cellular Membrane Leakage {#sec3dot3-biomolecules-10-00881}
------------------------------------------------------------------------------------------------------------------

Disruption of cellular membranes induced by the fibrillization process has been considered as a viable cellular toxicity mechanism for Aβ peptides \[[@B2-biomolecules-10-00881],[@B13-biomolecules-10-00881]\]. Our previous works showed that membrane content leakage served as a predominant membrane disruption pathway when Aβ~40~ formed membrane-associated fibrils \[[@B16-biomolecules-10-00881],[@B17-biomolecules-10-00881],[@B18-biomolecules-10-00881],[@B20-biomolecules-10-00881],[@B21-biomolecules-10-00881]\]. The calcein leakage assays have been utilized widely to probe the membrane permeabilities of various types of Aβ aggregates, including fibrils and oligomers \[[@B39-biomolecules-10-00881],[@B40-biomolecules-10-00881]\]. Here, we monitored the calcein leakages in a variety of model membrane systems without TG ([Figure 7](#biomolecules-10-00881-f007){ref-type="fig"}). Compared to the kinetics of fibrillization, which showed \~20--30-h lag periods for these bilayer models, the content leakage occurred much more rapidly and immediately after the mixing of peptides and lipid vesicles. In all systems, the membrane leakages reached at least 50% of the maximum levels (reached plateau in some cases) within the first 20 h. The comparison between ThT and membrane content leakage assays indicated that the membrane disruption occurred much earlier compared to the fibrillization process and probably through nucleation stages. It is worth noting that in all systems, there were rapid increments of membrane leakage within the first few hours (insets in [Figure 7](#biomolecules-10-00881-f007){ref-type="fig"}). This observation was consistent with the previous report that the initial binding between Aβ and membranes led to significant disruption \[[@B41-biomolecules-10-00881]\]. With longer incubation times, the increases of membrane leakage were either decelerated or eliminated, while the ThT fluorescence emission reached the plateau. We showed previously that our sample preparation protocols led to initial a-helical membrane-bound Aβ~40~, which were not observed in the literature. The time-dependent membrane absorption of Aβ~40~ within the first 20 h of incubation was assessed using bicinchoninic acid (BCA) assay ([Figure 8](#biomolecules-10-00881-f008){ref-type="fig"}). The results showed that in all model systems, 15%--20% Aβ~40~ peptides were adsorbed to bilayers immediately. This population of peptides may induce the initial rapid membrane leakages, which was observed in [Figure 7](#biomolecules-10-00881-f007){ref-type="fig"}. Within the first 20 h (the lag periods determined in [Figure 2](#biomolecules-10-00881-f002){ref-type="fig"}), 50%--60% of peptides were bound to membranes, which were involved in the nucleation step and further rapid membrane disruptions. The levels of leakage seemed to be dependent on specific membrane compositions. In the model systems without cholesterol, the existence of negatively charged PS significantly enhanced the leakage (i.e., from 10% to \~60%). The presence of cholesterol, on the other hand, seemed to eliminate the deviations in leakage levels caused by individual phospholipid compositions, presumably by increasing the overall rigidity of bilayers \[[@B42-biomolecules-10-00881]\].

Finally, circular dichroism (CD) spectroscopy was employed to study the time-dependent conformational changes of the total (both membrane-bound and nonmembrane-bound) and free (nonmembrane-bound) Aβ~40~ peptides in the time course. As shown in [Figure 9](#biomolecules-10-00881-f009){ref-type="fig"}, the total Aβ~40~ (top rows) adopted apparent conformational changes within the first few hours of incubation. The initial conformation was partially folded with certain negative CD signals between 210 and 230 nm and a relatively more positive signal below 200 nm. This was consistent with our previous observations of partial helical conformation for Aβ~40~ upon membrane binding \[[@B21-biomolecules-10-00881]\]. The conformation became more unstructured within the first few hours ([Figure 9](#biomolecules-10-00881-f009){ref-type="fig"}b), but more β-strand-like with further incubation, indicated by negative CD signals between 210 and 220 nm ([Figure 9](#biomolecules-10-00881-f009){ref-type="fig"}c). On the contrary, the free Aβ~40~ left in solution did not show conformational changes within the same time course and remained mostly unstructured. The CD data indicated that only the membrane bound Aβ~40~ had structural changes at the early stage of aggregation (i.e., \<10 h) and the Aβ~40~ nucleation process mainly occurred with the association of membranes rather than in aqueous solutions.

4. Discussion {#sec4-biomolecules-10-00881}
=============

The biological implications of this work are two-fold. First of all, it provides the time scales of membrane-associated fibrillization process relative to the membrane disruption, which facilitates future studies on the crucial intermediate states that are responsible for such membrane disruption and the molecular mechanisms. Fibrillization of Aβ is considered as a pathologically relevant process in AD. When the process occurs with the presence of membranes, which represent biologically relevant environments in human brains, there may be multiple pathways that lead to various types of end products \[[@B20-biomolecules-10-00881]\]. Our previous studies showed that Aβ mainly form fibrils in the presence of phospholipid bilayer models when the peptide concentrations were relatively low (i.e., less than 50 mM) and the peptide-to-lipid molar ratios were relatively high (i.e., \~1:30) \[[@B20-biomolecules-10-00881]\] and induced membrane content leakage along with the fibrillization processes \[[@B18-biomolecules-10-00881]\]. In addition, the presence of membranes promoted an initial Aβ~40~ peptide conformational change upon the first few hours of incubation from partial a-helical to random coil, prior to the presence of typical β-strands for high-order amyloid aggregates \[[@B21-biomolecules-10-00881]\]. The outcomes of the present work, together with our previous conclusions, raise a uniform hypothesis for the membrane-associated Aβ~40~ fibrillization process in multiple types of bilayer model systems: Within the first few hours' (e.g., 5 h) incubation, around 30%--40% peptides were rapidly adsorbed to membranes ([Figure 8](#biomolecules-10-00881-f008){ref-type="fig"}), which adopted a transient helical conformation initially and converted to random coils \[[@B21-biomolecules-10-00881]\]. Within the next 20 h, which is the nucleation step with no ThT fluorescence emission increments ([Figure 2](#biomolecules-10-00881-f002){ref-type="fig"}), an additional 15%--20% Aβ~40~ are adsorbed. These initial membrane binding and nucleation steps cause rapid membrane content leakage ([Figure 7](#biomolecules-10-00881-f007){ref-type="fig"}), presumably because of the dramatic structural changes in the membrane-bound domains of peptides. At the end of nucleation steps, the peptides show a large abundance of β-strand conformation \[[@B16-biomolecules-10-00881]\]. Further incubation causes elongation of fibrils based on the existing nucleus formed with the initially membrane-bound peptides, and this process induces modest membrane leakages in some model bilayers ([Figure 7](#biomolecules-10-00881-f007){ref-type="fig"}). Therefore, future studies on the membrane-disrupting intermediate states of Aβ~40~ peptides will focus on the first \~20 h of incubation.

A second implication is that the high-resolution ssNMR studies on the molecular structures of membrane-associated Aβ~40~ fibrils showed that the presence of membranes reduces the heterogeneity of fibrils, especially in the rigid core region, because of the similarity in chemical shifts found among fibrils grown from various membrane systems. Interestingly, fibrils grown from membranes seem to have a relatively smaller core compared to nonmembrane-associated fibrils \[[@B5-biomolecules-10-00881],[@B37-biomolecules-10-00881],[@B43-biomolecules-10-00881]\]. The fibril core is likely to start after residue L17 in the present work, while in the reported fibrils from aqueous solutions, the fibril cores extend towards K16, or in some cases, residue G9 \[[@B38-biomolecules-10-00881]\]. Contacts between residues V24 and I32 found in the membrane-associated fibrils suggest different core structures from the aqueous fibrils. The ^13^C chemical shift features of the three membrane-associated fibrils seem to be similar to the reported predominant Aβ~40~ fibril grown from AD human-brain-extracted seeds \[[@B7-biomolecules-10-00881],[@B8-biomolecules-10-00881]\], meaning that membranes provide biologically relevant environments for the studies of fibril molecular structures.

Although the presence of membranes may lead to a uniform Aβ~40~ fibrillization process with reduced heterogeneity in the resultant fibrils, the detailed physicochemical properties of fibril formation and influences on membranes, such as the fibrillization kinetics and membrane leakage levels, are sensitive to membrane compositions. The presence of heterogeneous membrane compositions, their asymmetric distributions across the two leaflets, and their time-dependent changes along the aging process are critical factors in the membrane-related Aβ neuronal toxicity mechanisms \[[@B12-biomolecules-10-00881],[@B44-biomolecules-10-00881],[@B45-biomolecules-10-00881],[@B46-biomolecules-10-00881],[@B47-biomolecules-10-00881]\]. Analysis of the molecular compositions in rSPMV showed that in addition to the phospholipids, cholesterol, and triglycerides are essential components in biological membranes. Our results imply that the presence of triglycerides significantly decelerates the fibrillization process in all tested model bilayers with various phospholipids/cholesterol compositions. It is reported that triglycerides are essential components in lipid rafts, which are subdomains in lipid bilayers with relatively lower densities \[[@B26-biomolecules-10-00881]\]. It is also suggested that the lipid rafts served as possible pools to concentrate Aβ peptides inside of cellular plasma membranes. Therefore, the triglycerides in lipid rafts might keep the highly concentrated Aβ from aggregation in cellular plasma membranes. Cholesterol shows significant influences on both the membrane-associated fibrillization kinetics and the fibrillization-induced membrane content leakage levels. Our results suggest that cholesterol may serve as regulation factors in biological membranes to modulate the Aβ aggregation process. The mammalian cellular plasma membranes possess asymmetric phospholipid distribution in their outer and inner leaflets \[[@B33-biomolecules-10-00881]\]. Typically, the outer leaflet is rich in neutral PC and the inner leaflet contains more PS and PE. In the meanwhile, the distribution of cholesterol was uneven with more populations in the inner leaflets. It was shown that cholesterol might migrate from the inner to the outer leaflet with aging \[[@B48-biomolecules-10-00881]\]. Thus, it is possible that the extracellular Aβ fibrillization induces less membrane content leakage at younger ages because the outer leaflet contains mostly PC. However, the fibrillization-induced membrane content levels may increase with aging because of the addition of cholesterol to the outer leaflet. For the inner leaflet, however, the extent of membrane leakage may be lower at the younger ages because our data showed that the combination of PS, PE, and cholesterol led to bilayers with lower leakage levels compared to those with only PS and PE. Overall, both leaflets might become more permeable with the aging-dependent migration of cholesterol.

In summary, we showed in the present work that when Aβ~40~ was incubated with model membranes at relatively low concentrations (i.e., 10 mM) and high peptide-to-lipid molar ratio (i.e., 1:30), it adopted a uniform membrane-associated nucleation process that led to membrane leakages and a predominant fibril structure. Future characterizations of both the membrane-associated fibril structure and the early-stage membrane-active intermediate states will help to understand the molecular basis of cellular membrane disruptions induced by Aβ~40~ peptides.
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![(**a**) Representative Thin-Layer Chromatography (TLC) analysis of the membrane compositions of rats' synaptic plasma membrane vesicles (rat synaptic plasma membrane vesicles (rSPMV), left side) and TLC for the standard lipids/cholesterol at different concentrations. (**b**) Standard curves for the quantifications of membrane compositions using TLC. (**c**) Plots of lipid compositions in rSPMV of different ages. Error bars were generated from three independent TLC analyses.](biomolecules-10-00881-g001){#biomolecules-10-00881-f001}

![Thioflavin-T fluorescence traces (three repetitions for each membrane composition) for Aβ~40~ fibrillization kinetics in the presence of different membrane models and a control that only contains the peptides.](biomolecules-10-00881-g002){#biomolecules-10-00881-f002}

![Plot of the lag periods (t~lag~, **A**) and growth rate constants (k, **B**) for Aβ~40~ fibrillization in different membrane models. Error bars were generated from three repetitions of thioflavin-T (ThT) kinetic curves shown in [Figure 2](#biomolecules-10-00881-f002){ref-type="fig"}. Different colors are used to facilitate the presentation (different model membranes).](biomolecules-10-00881-g003){#biomolecules-10-00881-f003}

![(**a**) Negatively stained transmission electron microscopy (TEM) images for Aβ~40~ fibrils grown in the presence of MM1 (top), MM2 (middle), and BM2 (bottom) model membranes (MM1: the model bilayer with 100% phosphatidylcholine; MM2: the model bilayer with phosphatidylcholine/phosphatidylglycerol/cholesterol/sphingomyelin/ganglioside GM1 at molar ratio 1.00/1.00/1.33/1.00/0.10; BM2: rat synaptic plasma membrane vesicles with 12-month age). (**b**--**d**) Representative short-mixing (20 ms) 2D ^13^C--^13^C spin diffusion spectra for Aβ~40~ fibrils formed with (**b**) MM1, (**c**) MM2, and (**d**) BM2 membrane models. The peptides were selectively uniformly labeled at residues G9, L17, A21, V24, N27, I32, G33, and M35.](biomolecules-10-00881-g004){#biomolecules-10-00881-f004}

![Plot of the residue-specific ^13^C chemical shift deviation for membrane-associated Aβ~40~ fibrils derived from MM1 (the fibrils grown from phosphatidylcholine (PC) model bilayers). The comparison contains two types of fibrils from current studies: those grown from the MM2 model bilayer (black) and those grown from the extracted synaptic membranes BM2 (red), and three fibrils reported in the literature: the three-fold Aβ~40~ fibrils grown from synthetic peptides (green) \[[@B35-biomolecules-10-00881]\], the first molecular structure from human-brain-seeded Aβ~40~ fibril (blue) \[[@B6-biomolecules-10-00881]\] and the reported predominant structure from multiple human brain tissue samples (purple) \[[@B8-biomolecules-10-00881]\]. The dashed lines represent the thresholds of significant chemical shift difference for individual residues, by considering the ssNMR line widths.](biomolecules-10-00881-g005){#biomolecules-10-00881-f005}

![Representative long-mixing (500 ms) 2D ^13^C--^13^C spin diffusion spectra for Aβ~40~ fibrils (**a**) MM1, (**b**) MM2 and (**c**) BM2 membrane models. The same labeled samples were utilized as in [Figure 4](#biomolecules-10-00881-f004){ref-type="fig"}. The 1D slices highlight the inter-residue cross peaks between I32 and V24, G33, and M35, as well as between A21 and I32 in all samples.](biomolecules-10-00881-g006){#biomolecules-10-00881-f006}

![Calcein leakage assay for measuring the membrane content leakage with Aβ~40~ fibrillization in different membrane models. Insets show the rapid increase of calcein leakages within the first 10 h of incubation.](biomolecules-10-00881-g007){#biomolecules-10-00881-f007}

![Quantitative analysis of membrane-bound Aβ~40~ as a function of incubation time within the first 20 h. Different color-codings were utilized for different model membranes: black, PC; red, PC/chol; blue, PC/S; purple, PC/S/chol; green, PC/S/E; dark navy, PC/S/E/chol. Error bars represent the s.t.d. from three independent measurements.](biomolecules-10-00881-g008){#biomolecules-10-00881-f008}

![CD spectra for total and free Aβ~40~ peptides with different incubation times: (**a**,**d**) 0 h, (**b**,**e**) 5 h, (**c**,**f**) 10 h. Different color-codings were utilized for different model membranes: black, PC; red, PC/chol; blue, PC/S; purple, PC/S/chol; green, PC/S/E; dark navy, PC/S/E/chol.](biomolecules-10-00881-g009){#biomolecules-10-00881-f009}

biomolecules-10-00881-t001_Table 1

###### 

List of model bilayers used in the present work.

  Lipid Compositions   Molar Ratio           Lipid Compositions     Molar Ratio
  -------------------- --------------------- ---------------------- --------------------------
  PC ^1^ (MM1)         \-\--                 PC/PG/chol/SM/GM ^2^   1.00/1.00/1.33/1.00/0.10
  PC/chol              4.68/1.73             PC/chol/TG             4.68/1.73/0.05
  PC/PS/chol           4.68/1.00/1.73        PC/PS/chol/TG          4.68/1.00/1.73/0.05
  PC/PS/PE/chol        4.68/1.00/1.00/1.73   PC/PS/PE/chol/TG       4.68/1.00/1.00/1.73/0.05
  PC/TG                4.68/0.05             PC/PS/TG               4.68/1.00/0.05
  PC/PS/PE/TG          4.68/1.00/1.00/0.05   PC/PS                  4.68/1.00
  PC/PS/PE             4.68/1.00/1.00                               

^1^ The abbreviations were used: PC, phosphatidylcholine; PG, phosphatidylglycerol; chol, cholesterol; SM, sphingomyelin; GM, ganglioside GM1; PS, phosphatidylserine; PE, phosphatidylethanolamine; TG, triglycerides. ^2^ This membrane composition was used in our previous studies.

biomolecules-10-00881-t002_Table 2

###### 

Summary of the best-fit parameters for ThT kinetics.

  Membrane Composition ^1^   A0 (a.u.) ^2^    t~lag~ (hours)   *k* (hour^−1^)
  -------------------------- ---------------- ---------------- ----------------
  PC                         1508 (143) ^3^   19.21 (1.64)     0.237 (0.036)
  PC/chol                    1636 (171)       17.09 (5.32)     0.183 (0.067)
  PC/PS                      1699 (97)        26.89 (1.75)     0.186 (0.025)
  PC/PS/chol                 1683 (129)       20.46 (1.78)     0.283 (0.048)
  PC/PS/PE                   1762 (114)       21.43 (3.20)     0.225 (0.038)
  PC/PS/PE/chol              2057 (125)       11.84 (4.39)     0.200 (0.048)
  PC/TG                      498 (103)        51.87 (8.36)     0.099 (0.004)
  PC/chol/TG                 388 (63)         11.59 (3.82)     0.110 (0.012)
  PC/PS/TG                   487 (114)        51.55 (7.06)     0.041 (0.010)
  PC/PS/chol/TG              401 (41)         23.16 (1.14)     0.068 (0.004)
  PC/PS/PE/TG                481 (118)        52.33 (6.74)     0.041 (0.010)
  PC/PS/PE/chol/TG           446 (29)         25.74 (1.95)     0.049 (0.002)
  BM1                        1184 (93)        48.00 (7.31)     0.059 (0.005)
  BM2                        1262 (149)       32.60 (5.44)     0.052 (0.006)
  BM3                        1382 (44)        55.81 (7.50)     0.075 (0.022)

^1^ Detailed molar ratio described in [Table 1](#biomolecules-10-00881-t001){ref-type="table"}; ^2^ Definitions of fitting parameters provided in [Section 2.6](#sec2dot6-biomolecules-10-00881){ref-type="sec"}; ^3^ Errors from three independent measurements in parentheses.

biomolecules-10-00881-t003_Table 3

###### 

Residue-specific ^13^C chemical shifts for membrane-associated Aβ~40~ fibrils.

  --------- ------- ------ ------ ------------ ------
  **MM1**                                      
            C       Ca     Cβ     Cg           Cd
  G9        171.1   44.9                       
  L17       174.0   53.3   43.9   27.0, 24.9   
  F19       174.3   56.8   42.4                
  A21       174.3   49.3   22.4                
  V24       176.3   59.3   32.6   20.8         
  N27       173.5   52.4   40.5   175.8        
  I32       175.7   57.0   42.0   26.3, 16.5   13.5
  G33       171.6   48.5                       
  L34       174.8   54.3   46.8   28.5, 26.4   
  M35       173.2   53.6   36.5   31.5         16.4
  **MM2**                                      
            C       Ca     Cβ     Cg           Cd
  G9        170.7   44.8                       
  L17       174.2   53.1   44.2   27.1, 24.3   
  F19       174.3   56.7   42.0                
  A21       174.6   49.2   22.4                
  V24       175.7   59.5   33.2   20.5         
  N27       173.2   52.3   39.9   175.7        
  I32       175.7   57.3   41.8   26.3, 16.7   13.3
  G33       171.7   48.6                       
  L34       174.9   54.3   46.7   28.5, 26.1   
  M35       173.3   53.8   36.5   31.8         16.5
  **BM2**                                      
            C       Ca     Cβ     Cg           Cd
  G9        170.5   44.8                       
  L17       173.9   53.0   44.3   27.0, 24.3   
  F19       174.0   56.4   41.8                
  A21       174.3   49.5   22.4                
  V24       176.1   59.5   32.7   20.7         
  N27       173.0   52.4   39.9   175.8        
  I32       175.7   57.0   42.0   26.2, 16.5   13.6
  G33       171.5   48.5                       
  L34       174.6   54.0   46.5   28.2, 25.7   
  M35       173.2   53.9   36.8   32.1         17.1
  --------- ------- ------ ------ ------------ ------
